Introduction
In a bone-periodontal ligament (PDL)-tooth fibrous joint, the alveolar bone adapts in response to functional loads on teeth (Ten Cate, 1998; Weinmann and Sicher, 1955; Weinmann, 1941) . Alveolar bone continuously adapts through a cascade of mechanobiological events until optimal peak strain levels are restored (Eugene Roberts et al., 2004) . When a tooth is replaced with an implant, strain distribution within the alveolar bone can change (Brunski, 1999; Greenstein et al., 2013; Wazen et al., 2013) . From a biomechanics and a mechanobiology perspective, the loadinduced mechanical strain in alveolar bone from immediately loaded implants is poorly understood but clinically relevant. From a clinical perspective, the biomechanical behavior of implants is often characterized by measuring implant stability using percussion tests, periotest (Choi et al., 2014; Olivé and Aparicio, 1990) , torque test (installation torque and removal torque) (O'Sullivan et al., 2000; Wennerberg et al., 1995) or by performing resonance frequency analysis (Choi et al., 2014; Monje et al., 2014; O'Sullivan et al., 2000; Ostman et al., 2006) . In laboratory, mechanical strains in bone-teeth and bone-implant complexes have been investigated using several methods including strain gauges (Akça et al., 2007; Asundi and Kishen, 2000a; Jantarat et al., 2001; Popowics et al., 2004) , photoelasticity Kishen, 2001, 2000b) , Moiré interferometry (Kishen et al., 2006; Wang and Weiner, 1998; Wood et al., 2003) , electronic speckle pattern interferometry (ESPI) (Zaslansky et al., 2006 (Zaslansky et al., , 2005 , finite element method (Baggi et al., 2008; Bozkaya et al., 2004; Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jbiomech www.JBiomech.com Oosterwyck et al., 1998; Wazen et al., 2013) and digital image correlation (DIC) (Qian et al., 2009; Tiossi et al., 2011; Zhang et al., 2009) . Digital volume correlation (DVC) has been used to map strains in trabecular bone, without teeth or an implant (Bay et al., 1999; Jiroušek et al., 2011; Verhulp et al., 2004; Zauel et al., 2006) . Biomechanics of the bone-implant complex, including mechanical strain is influenced by numerous factors including socket geometry and bone-implant contact. The purpose of this study was to investigate the biomechanics of two bone-implant complexes where implants were immediately loaded following implant placement and to calculate the mechanical strains in alveolar bone. Results including clinical measurements of implant stability and bone-implant contact area were considered from both applied science and clinical perspectives.
Materials and methods

Specimen preparation and baseline characterization
Specimen procurement and preparation were done as per the guidelines by the Committee on Human Research (CHR) at UCSF. Specimen was frozen at À 5°F and thawed to room temperature before testing (Hamer et al., 1996; Panjabi et al., 1985) . The cadaver mandible was scanned using a cone beam computed tomography (CBCT) machine (CS 9300 System, Carestream Health, Inc., Rochester, NY).
Following CBCT, biomechanical testing of incisors 23 and 26 was performed using a tensile/compression stage (MT10352, 500N Nano Tomography, Deben UK Limited, East Grinstead, West Sussex, United Kingdom) ( Fig. 1 ) (see Appendix for details on specimen preparation). The specimens were loaded at various loading rates of 0.2, 0.5, 1.0, 1.5, and 2.0 mm/min to a peak reactionary force of 150 N. The displacement and reactionary force were recorded. Stiffness was determined by the slope of the reactionary force-displacement curves.
Implant placement and clinical measurements of implant stability
Incisors 23 and 26 were extracted. Decortication (Greenstein et al., 2009; Wallace, 2013) was performed on 23 using a #8 round bur, while the socket of incisor 26 was left intact. Implants (Straumann s Roxolid s , BL, Ø 4.1 mm RC, SLActive s 14 mm, TiZr, Institut Straumann AG, Basel, Switzerland) were placed using a surgical drill system (DU900, Biomet 3i, Palm Beach Gardens, FL). Straumann implants with a 4.1 mm diameter implants were selected to engage with the shorter diameter of alveolar socket ( $ 4 mm). The torque to insert the implant was increased stepwise by the drill system until the implant platform was at the ridge crest level. The final torque value was recorded as the installation torque. An implant stability meter (100500 Osstell ISQ, Osstell AB, Gothenburg, Sweden) was used to perform the resonance frequency analysis (RFA) and measure implant stability quotient (ISQ) in the range from 1 to 100 at 4 different orientations (Sennerby and Meredith, 2008) .
In situ biomechanical testing and bone-implant contact measurement
Biomechanical testing was performed on bone-implant complexes under the same conditions as stated in Section 2.1. The biomechanical testing stage mentioned above was securely mounted inside a micro X-ray microscope (m-XRM) (ZEISS Xradia 510 Versa, Carl Zeiss X-ray Microscopy, Pleasanton, CA) for in situ biomechanical testing (Fig. 1b) . The specimen was compressed at 1 mm/min until a peak load of 150 N was reached. m-XRM tomograms (resolution of $ 25 mm/voxel; X-ray source energy of 100 kV) were obtained both before load (no-load condition) and after load equilibrated to $ 100 N (loaded condition). Obtained m-XRM tomograms were segmented to determine contact area between bone and implant using Avizo 3D analysis software (FEI Visualization Sciences Group, Burlington, MA).
Elemental mapping in alveolar bone
The implants were removed using a dental implant torque wrench (Straumann s bone level 48 h explantation torque device, Basel, Switzerland). The specimens were sectioned into two halves, the lingual and buccal sides. The topography of the specimen was imaged along with site-specific energy dispersive X-ray spectroscopy (EDS) using a scanning electron microscope (SEM) (EVO, Carl Zeiss Microscopy, LLC, Thornwood, NY) (see Appendix for details on specimen preparation).
Strain mapping in alveolar bone
The implant was digitally removed from the alveolar socket using Avizo software (Du et al., unpublished data) . The deformation in bone due to load was calculated using digital volume correlation (DaVis software, LaVision Inc., Ypsilanti, MI) by correlating 3D images of the specimens at no-load with loaded conditions (Bay et al., 1999) . Subsequently, the components of the 3D strain tensor were calculated from derivatives of the displacement field. The resulting 3D strain field in the alveolar bone was displayed using direct volume rendering method in the Avizo software.
Results
Alveolar bone geometry and bone-implant contact
A radiograph of alveolar socket 23 after tooth extraction ( Fig. 2a) illustrates an opaque bright line surrounding the socket (lamina dura). Following decortication, it became thinner and more radiolucent (Fig. 2b) . Although not visible from a clinical radiograph (Fig. 2c) , an inadvertent drill hole was observed in the 3D rendered images at the apical portion of the osteotomy site for implant 26 ( Fig. 2d and e) .
A virtual section of the m-XRM tomograms at $ 4 mm below the crestal bone level is shown in Fig. 3 . Thicknesses of the buccal and lingual plates were 0.34 mm and 0.85 mm for the extraction site 23 and 0.27 mm and 1.72 mm for site 26, respectively. The buccal plates were thinner than the lingual plates. Elliptical cross-sections of alveolar sockets and circular cross-sections of implants are also illustrated in Fig. 3 . As a consequence of cross-section mismatch, boneimplant contact was established only at mesial and distal sides. The 3D distribution of contact area between the implants and bone is highlighted in Fig. 4 . The implant-bone contact area was 24.9 mm 2 and 23.5 mm 2 for implant 23 and 26 respectively (Table 1) , which was about $ 16% of the implant surface area. The contact area of implant 23 was distributed on both mesial and distal sides, while implant 26 was barely supported on the distal side. The contact area of implant 23 was uniform from coronal to apical regions, while implant 26 established more contact with bone in apical regions compared to coronal regions. No significant differences in the bone-implant contact areas for no-load and loaded conditions were observed.
Elemental composition of alveolar bone
Heterogeneous elemental composition of the alveolar bone near the implant sites is shown in Fig. 5 . The groove-like impressions in bone caused by implant threads can be seen under the dashed lines in Figs. 5a and 5f. Fig. 5a illustrates structural Bone-implant contact location On both coronal and apical regions. On both mesial and distal side.
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characteristics of bundle bone (lamina dura) next to the implant grooves, lamellar bone farther away from the grooves and a bright white cement line in-between. Compared with spot 2 in the lamellar bone, spot 1 in the cement line demonstrated higher levels of phosphorus (P) (Fig. 5c ), calcium (Ca) (Fig. 5d) , and lower levels of carbon (C) (Fig. 5b) and oxygen (O) (Fig. 5d) . Fig. 5f illustrates a structure characteristic of cancellous bone in area 2 and denser bone in area 1. Lower counts in C (Fig. 5g ) and higher counts in P and Ca ( Fig. 5h and i) were observed in area 1 than in area 2 (Fig. 5j) .
Implant biomechanics and implant stability
The installation torque value was 10 N cm for implant 23 and 20 N cm for implant 26. However, the resonance frequency for implant 23 (ISQ of 66.5 71.3) was higher than that of implant 26 (ISQ of 55.8 72.2) ( Table 1) .
The reactionary force-displacement curves obtained from the biomechanical testing of the bone-periodontal ligament (PDL)-tooth and bone-implant complexes are illustrated in Fig. 6a-c . The biomechanical behaviors and stiffness values (Fig. 6d) for the two tooth complexes were similar at all displacement rates. The loading rate effect was not significantly different between the two tooth complexes. The stiffness values for the two implant-bone complexes (Fig. 6d) were also similar to each other but slightly lower than for the teeth (Fig. 6d) .
The maximum principal strain distribution on the alveolar bone under immediate loading of implants is shown in Fig. 7 . On the buccal plate adjacent to implant 26, a region of high strain concentration located $ 5 to $ 7 mm below the crestal bone level was observed. In contrast, no particular high strain concentration on the lingual side was observed. The high strain concentrations were also shown at bone-implant contact locations, especially on the distal side of the osteotomy site. The strain concentration on the buccal bone of implant 26 was not as high for implant 23, but the pattern of strain in the buccal plate was consistent with site 26.
Discussion
Based on the results, (1) this study demonstrates a proof-ofconcept by illustrating a potential tissue response to immediate implant loading through new methodology. The results add to the incomplete knowledge base in bone-implant complex and provide insights into potential function-mediated changes by illustrating a continuously adapting interface of an implant with bone. The motivation for the study was to demonstrate the manifestation of compressive loads into strains in the alveolar bone. Given that strains prompt cellular responses; our intention was to highlight the importance of mapping strains within the realm of potential bone and bone-implant interface adaptations. (2) Additionally, the adaptations measured strain is a function of the type of implant, quality of the bone in which the implant was placed, the angle of implant placement, bone-implant contact and mechanical loading. A change in any one or a combination of the conditions can cause a change in strain within alveolar bone. The latter statement reemphasizes the need for proposed methodology as it highlights gaining deeper insights into bone adaptations (including a potential for maladaptation) and its integration over time with the implant, which we term as "functional integration" from a macroscale biomechanics perspective. et al., 2009). Fundamentally, implant stability depends on the mechanical design and surface properties of the implant, geometry and quality of bone, the contact area and friction between the implant and bone. Two identical implants were chosen in this study. Although the sample size was limited, the fact that the teeth were from the same subject minimized the potential variability due to age and sex, and the natural variance within humans. Similar biomechanical behaviors of incisors 23 and 26 (Fig. 6 ) also implied similar bone quality and health conditions of the periodontium. Hence, various readouts obtained in this study as results of implant stability measurements can be due to bone-implant contact differences caused by different bone geometries.
Bone-implant contact is usually measured using histology (Buser et al., 1991; Jun et al., 2010; Wennerberg et al., 1995) , where observations are often limited to the sectioned planes. In this noninvasive approach, the measurement of bone-implant contact through image processing of m-XRM tomograms, minimized challenges often met in traditional histology and revealed the 3D bone-implant contact. It is important to maintain the integrity of the bone during implant placement. Implant stability depends on the area and location of bone-implant contacts. Results of this study indicated that even normal surgical procedures, such as decortication or correction of the drill path, could potentially decrease initial implant stability.
The originally uniform lamina dura of alveolar socket 23 (Fig. 2a) became radiolucent as it was thinned due to decortication (Fig. 2b) . Decortication resulted in osteotomy site enlargement, with less implant stability (Table 1) . Implant 23 was supported by the alveolar bone on both the mesial and distal sides, while implant 26 was mostly supported by the alveolar bone on the mesial side with minimal support on the distal side. These observed differences in contact could be the reason why implant 23 had a higher resonance frequency than implant 26. Additionally, during the placement of the implants, the apical portion of implant 26 engaged into alveolar bone, created the groove-like impressions in bone and opened the osteotomy sites. The contact established by implant 26 was mostly on the apical regions and could be the reason why installation torque for implant 26 was higher than that for implant 23.
Studies showed a strong correlation between installation torque value (ITV) and removal torque value (RTV) (Akça et al., 2007; Akkocaoglu et al., 2005) , but not between periotest values (PTV) and ISQ (Jun et al., 2010) . While some studies showed the correlation between ISQ and ITV/RTV is not significant (Akça et al., 2007 (Akça et al., , 2006 Akkocaoglu et al., 2005; Jun et al., 2010) , to our knowledge, one study illustrated a strong correlation between ISQ and ITV (Turkyilmaz et al., 2009) . In this study, the ITV for implant 23 was lower than that of implant 26. However, the ISQ for implant 23 was higher than that of implant 26.
Each implant stability measurement was evaluated by applying a single type of load in a single direction on the implant. In the installation torque measurement, a torque was applied in the direction that turns the implant into the bone. In the resonance frequency analysis, lateral forces were applied to the implants. Thus, the results of an implant stability measurement are dependent on the type and direction of the applied load. This implies that an implant showing higher stability in one measurement might show lower stability when tested for stability in a different direction. Hence, multiple and complementary methods used in this study were to gain a comprehensive understanding of the implant stability.
A vertical compressive force was applied on the implants during the in situ biomechanical testing to mimic the dominant functional load. The resulting stiffness of a bone-PDL-tooth or bone-implant complex is a combined stiffness of the tooth or implant and the supporting structures. For implants, the supporting structure is alveolar bone. For teeth, the supporting structures are the PDL and bone. In this study, it is likely that the dampening effect of PDL was affected by the γ-radiation. Also, support from interstitial fluid was minimally detected in this study. Therefore, the measured stiffness was predominantly limited to hard tissues.
Repetitive biomechanical testing for the same specimen resulted in similar force-displacement curves (Fig. 6a) . It indicated that the error due to our experimental approach is negligible within the detectable ranges of our instrumentation. The biomechanical behaviors for the two bone-PDL-teeth complexes were similar (Fig. 6b) . This implied similar load bearing aspects of respective complexes for incisors 23 and 26, thus illustrating a foundation with similar physical properties on which implants were later introduced. Ti/Zr implants have higher elastic modulus (80-130 GPa (Soboyejo, 2003) ) than teeth (14-17 GPa for cementum, 22-27 GPa for tubular dentin (Ho et al., 2007) and 75-100 GPa for enamel (Park et al., 2008) ), and possibly higher stiffness than the teeth. However, the biomechanical testing in this study illustrated that the stiffness values for the implant complexes were slightly lower than the stiffness values for respective tooth complexes (Fig. 6d) . Biomechanical comparisons indicated that the supporting alveolar bone for implants was not stiffer than the supporting structures for teeth before implant placement, perhaps due to the decreased implant contact area ( Fig. 4e and f) .
Bone-implant contact under load prompts mechanical strains predominantly at the bone-implant interface and within alveolar bone. Very little is known about mechanical strains introduced from immediate implant loading. A novel aspect of our study was to evaluate strains within bone due to immediate implant loading using DVC, a non-invasive technique without assumptions of the mechanical properties of supporting tissues. As shown in Fig. 5 , alveolar bone is heterogeneous in structure and elemental composition. Hence, the assumptions of mechanical properties of bone in other modeling methods, such as finite element method, might over-simplify reality and produce inaccurate results.
Based on the loading and experimental conditions, strain concentrations in the mid-buccal bone were observed (Fig. 7) due to mesio-distal expansion of the alveolar bone resulting from implant loading and more importantly from the contact geometry and dimensions of the buccal plates. Tensile strains were induced, in the thinner portion of the buccal plates. As measured in Fig. 3 , the lingual plate is 2.5 to 6.5 times thicker than the buccal plate for implants 23 and 26, respectively. It can also be seen on the crosssection planes in Fig. 4 . Therefore, the strain concentration on buccal plate was higher for implant 26 than that for implant 23. Concurring with the argument, strain concentration was also observed in thin crestal part of the lingual plate for implant 23 (Fig. 4) .
Strain mapping on the alveolar socket surface is also shown in Fig. 7 . Unlike natural teeth, which transmit mechanical load to alveolar bone through the PDL surrounding the tooth, in the boneimplant complex, the mechanical load is transmitted directly from the implant to alveolar bone through limited contact areas (Fig. 4) . In addition, the applied load during the biomechanical testing was not necessarily along the long axis of the implants, due to the geometry of the alveolar socket. This could have induced a lateral component of the applied load causing strain concentrations on unintended sides of the alveolar socket (Fig. 7) . From a clinical perspective, strain concentrations in buccal plate could explain mid-buccal plate bone loss Buser, 2014, 2009; Kan et al., 2010) . It should be noted that the results presented in this study are limited to the type of implant used in this study, placement of implant, quality of bone, angle of loading and bone-implant contact conditions.
A future extension of this work could be to develop a finite element model to investigate the effects of bone augmentation through increased thickness in regions of interest following which strain and stress concentrations could be evaluated. Results of this study have established a proof-of-concept that bone-implant contact can affect biomechanics and mechanical strain within bone that is not in contact with the implant. Through these results, it is conceivable that bone-implant contact mechanics will further clarify the mechanobiology of events that can determine the longterm effectiveness of implants by mapping adaptations of boneimplant interface and bone per se.
Conclusions
This study was performed by systematically mimicking clinical procedures during patient treatment. The results of this study are only relevant to immediately placed and loaded implants, and lack the influence of multiple factors such as blood, grafting, suturing or wound healing. Although the sample size in this study was small, it serves as a proof-of-concept. Results show that the boneimplant contact was limited to $16% of the implant surface area and the established contact was primarily on the mesial and distal regions of the extraction sites. From a biomechanics perspective, the observed strain concentrations are where they would be expected as the engaged bone at the implant threads, but also in sites of bone not in contact with the implant.
The results of this study are only relevant to immediately placed and loaded implants, with no source for blood and subsequent osseointegration. Additionally, the vertical load applied during biomechanical testing only represents one component within the more realistic multi-components functional loads. Additional systematic studies, using more specimens and/or an animal model, are needed to account for complicated physiological conditions. Additionally, the measured implant biomechanics can be affected by the presence and/or absence of adjacent teeth. In order to gain additional insights of strain induced bone-implant functional adaptations, future investigations are needed to compare the biomechanics of dental implants with or without the support of adjacent teeth. The methodology provided in this study can be used to investigate the clinical complications and can provide insights from which future improvements in surgical planning and techniques can be formulated.
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